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We propose a scheme for performing an entanglement-swapping operation within a quantum 
communications hub (a Bell like measurement) using an NV- centre’s |±1) \ A 2 ) optical transition. 

This is based on the heralded absorption of a photon resonant with that transition. The quantum 
efficiency of a single photon absorption is low but can be improved by placing the NV center 
inside a micro cavity to boost the interaction time and further by recycling the leaked photon back 
into the cavity after flipping its phase and/or polarisation. Throughout this process, the NV is 
repeatedly monitored via a QND measurement that heralds whether or not the photon absorption 
has succeeded. Upon success we know a destructive Bell measurement has occurred between that 
photon and NV center. Given low losses and a high per-pass absorption probability, this scheme 
allows the total success probability to approach unity. With long electron spin coherence times 
possible at low temperatures, this component could be useful within a memory-based quantum 
repeater or relay. 


I. INTRODUCTION 

Quantum communication w is a resource that will 
be required in the development of tomorrow’s quantum 
internet [6] whether it be to share quantum enabled infor¬ 
mation over short, medium or long ranges. It will enable 
a multitude of tasks ranging from quantum key distri¬ 
bution (QKD) H], device independent QKD [7] to dis¬ 
tributed quantum computation and sensing [SHTOj. Es¬ 
pecially over long ranges (hundreds or thousands of kilo¬ 
metres) one will require shared entanglement to enable 
this, which will most likely require the use of quantum re¬ 
peaters [nHT3]. These take the form of a chain of nodes 
able to perform two basic functions: the first being to 
store already established entangled links between nodes 
and the second to merge two links into a new, longer 
one. Many repeater schemes using various approaches 
to provide this functionality and various physical sys¬ 
tems to implement the nodes of such a repeater have 
been put forward over the years umiMS], including 
negatively charged nitrogen vacancy center in diamond 
(NV-) nflUH]. 

The NV- center is made up of a vacant carbon position 
in a diamond lattice adjacent to a substitutional nitro¬ 
gen atom has many desirable properties HZllSl- 

I39j . including long coherence times m and good con¬ 
trollability of both electronic and nuclear spins at differ¬ 
ent temperatures [Ml [3Zl IMSU]. The experimentally 
accessible states are the ground state manifold (GSM) 
and the excited state manifold (ESM), both of which are 
spin triplets but the former is composed of orbital an¬ 
gular momentum singlets (A 2 ) while the states of latter 
form orbital doublets (E) under the action of the defect’s 
symmetry group Ca^v [22] • The two sets of states are 
separated by an optical transition with zero-phonon-line 
wavelength of 637nm [35] while a set of optically inacces¬ 


sible intermediate spin-singlet states can be reached from 
the ESM via non-radiative decay processes [32] . 

NV- centres have already been used as emitter of two 
different kinds of entangled photon qubits: polarisa¬ 
tion m and time-bin [52] . The former makes use of the 
special Bell-state like form of the four ms = ±1 zero field 
ESM states. In particular the IA 2 ) state does not couple 
to the intermediate singlet states. Since in a dipole inter¬ 
action the z-component of total the angular momentum 
must change by ±1, spontaneous emission out of IA 2 ) 
creates a photon which is polarisation-entangled with the 
two degenerate ms = ±1 states of the GSM [35] ■ It has 
been recently demonstrated experimentally, that the time 
reversal also holds: absorption of a photon acts like a pro¬ 
jection onto a joint photon-vacancy spin Bell-state [53] . 
In principle this could allow for the teleportation of quan¬ 
tum information from an incoming photon to any qubit 
the absorbing NV- is entangled with. 

Our proposal is to use this feature of the NV center as 
a core element of a quantum communications network. A 
node in the network can perform an entanglement swap 
operation upon heralded absorption of a photon carry¬ 
ing an entangling link to a remote NV-. The heralding 
(QND type) measurement is implemented via detecting 
the phonon-side band photons of a classical laser pulse 
tuned to the transition between the ms = 0 state of 
GSM and ESM after a microwave 7r-pulse resonant with 
the IA 2 ) to lEj-jy) (ms = 0) transition. To enhance in¬ 
teraction, the NV- would be placed inside a micro cavity 
but even in this case the single-pass absorption quantum 
efficiency would be limited to 25%. We can however in¬ 
crease this further by adding a fibre-optic loop to re-cycle 
leaked photons back into the cavity after potentially flip¬ 
ping its phase and/or polarisation. 

This paper is structured as follows: in section II we 
describe the main idea of the entanglement swapping 
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FIG. 1: An illustration of the QND measurement and its use in teleportation, a) QND measurement and potential error channels 
(orange symbols). Off-resonant driving can by strongly suppressed by timing the length of the rr-pnlse. b) a spontaneonsly 
emitted photon entangled with the left NV travels to and interacts with the NV in the middle, which is entangled with a third 
NV, causing coherent oscillations between |±1) and IA 2 ). c) when the amplitude of IA 2 ) is maximal (within the photon residence 
time Tint) the QND measurement is applied d) receiving PSB photons (’click’) heralds projection onto IA 2 ) and teleportation 
of the entangled link. If no signal is seen within some time window, the state has become completely mixed (assuming the 
photon actually interacted) 


scheme, detailing two possible approaches to increase 
quantum efficiency beyond 25%. We then proceed in In 
section III to present a model of the scheme as a discrete¬ 
time Quantum Markov process including estimations for 
the various parameters appearing. We show the results of 
numerical simulations using this model for different pa¬ 
rameter regimes, allowing us to make quantitative state¬ 
ments about the expected performance of our scheme 
taking into account losses and errors. In section IV we 
briefly discuss how this heralded Bell measurements can 
be used in quantum repeaters and relays. We summarise 
our findings in section V. 


II. TELEPORTATION SCHEME 

Here we will describe in detail the three main ingredi¬ 
ents of our scheme, the entangling absorption operation, 
the QND measurement and photon recycling. 

Entangling absorption. — At zero magnetic field and 
zero strain the ESM A 2 state has the form IA 2 ) = 
(|E+,—1) -I- \E_,+l))/^/2 where E± and ±1 denote the 
(collective) orbital angular momentum and spin of the 


NV“ vacancy respectively. This is a 'i/’-i- Bell state be¬ 
tween the orbital and spin degree of freedoms. From this 
IA 2 ) state there are dipole-allowed optical transitions to 
the GSM ms = ±1 states which due to angular momen¬ 
tum conservation are dependant on the photon polarisa¬ 
tion. 

This property of the A 2 state was exploited in m to 
generate polarisation-entangled photons by spontaneous 
emission out of the IA 2 ) state. However, this ‘entangling 
emission’, can also be time-reversed into an ‘entangling 
absorption’ of an incoming photon. As was demonstrated 
in a recent experiment absorption into IA 2 ) is equivalent 
to a Bell-measurement on the joint photon-vacancy elec¬ 
tronic spin system of the form |53j 

- (|-|-l,cr_)-|-|-l,cr+))((-|-l,(T_|-|-(-l,tT+|) (1) 

where the first quantum number refers to the vacancy 
spin and the second to the circular photon polarisation 
states a±. This implies, that if the absorbing NV centre 
starts out maximally entangled with some other qubit, 
whatever information the photon was carrying will be 
teleported to that qubit. This is basic process which 
enables our proposed quantum repeaters and relays. 
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FIG. 2: Sketch of the recycling loop: a micro cavity en¬ 
hances NV photon interaction in order to get a higher ab¬ 
sorption probability per pass. Since manipulating the NV 
is not possible while the QND measurement is on the pho¬ 
ton state. This is done outside the cavity by either actively 
(approach A) or passively (approach B) flipping the photon’s 
phase/polarisation before sending it back into the cavity. 


QND measurement. — It is important to realise, how¬ 
ever, that the teleportation does not happen until NV 
centre is detected in the I 2 I 2 ), i.e. until the state is pro¬ 
jected onto 1 ^ 2 ). Without this, the interaction with the 
photon will simply cause coherent flip-flops between the 
NV’s initial state (locally a completely mixed state of 
ms = ±1) and IA 2 ) at a frequency determined by the in¬ 
teraction strength. We propose to implement this projec¬ 
tive QND measurement via a microwave 7r-pulse resonant 
with the transition from IA 2 ) to the ESM ms = 0 states 
\E^]^y) and simultaneous irradiation with a probe laser 
beam tuned to the transition between the ms = 0 states 
in the GSM and ESM («637nm). Detection of phonon- 
side-band (PSB) photons would then herald, that the NV 
indeed was in IA 2 ), while seeing no signal can with high 
confidence be interpreted to mean the system is still in its 
initial state. A schematic of the QND measurement and 
how it is employed as part of the teleportation scheme is 
depicted in figure In addition to the ideal process, 
also shows possible error channels which limit the fidelity 
of the QND measurement, causing either false positive 
(off-resonant driving, relaxation) or indeterminate errors 
(strain mixing plus transition to dark state). We should 
point out, that since the measurement is projective, the 
wave function changes not only in the desired case of 
seeing a heralding signal. Rather, also in the case where 
no signal is received a change has occurred, given the 
photon actually interacted, which can be described by 
the operator 1 — with the entangling measure¬ 
ment operator from above. The application of the QND 
measurement tt pulse would be timed to coincide with 
the time of maximum probability to find the NV in IA 2 ). 
This is going yield quite low probabilities of absorption 
for a free photon pass. Therefore, we envision to place 
the NV inside a micro cavity which both enhances in¬ 
teraction strength and interaction time (residence time) 
between photon and NV. The cavity would have to be 
carefully designed to fulfil this purpose while at the same 
time allowing the photon to enter without being reflected. 


Mismatch problem and recycling loop. — However, 
even with perfect absorption the incoming photon will 
only be absorbed at most 25% of the time if no fur¬ 
ther measures are taken. This is easily understood by 
looking at the full initial state |'0o) = Kl+liO"-) + 
|-l,cr+))ip(|-|-l,+l) + |- 1 ,- 1 )) 23 , where ’2’ labels the 
NV the photon p interacts with and 1 and 3 are remote 
qubits, which in the following we will always assume to 
be other NV centres. Rewriting I'i/fo) in the Bell-basis 
between qubits 1 and 3 we find 

1 ^ 0 ) = ^ (l</'-s)i3 l^+)2p + l<^-)l3 IV’-)2p 

+ IV’-s)i3 \(l^+)2p + IV’-)i3 l'/>-)2p) • 

where the |0±) and l"^^) denote the even and odd parity 
Bell-states respectively. Only the |'(/'-) 2 p-term allows a 
dipole transition to 1 ^ 2)21 dipole operator matrix ele¬ 
ments {x\E ■ f]A 2 ) tor the three other states {x = 
are zero. Their symmetry matches the other three ms = 
±1 states of the ESM, which are however detuned by at 
least about 3GHz resulting in a relative transition prob¬ 
ability ratio of at worst Pabs, A^, /Pabs, If we 

want a high overall success probability we therefore need 
to somehow turn the other 2p Bell states into |'i/’-) 2 p 
applying some operation to either the spin or the pho¬ 
ton. As ilustrated in Figurej^ our idea to raise the quan¬ 
tum efficiency closer to 1 is then to let the photon inter¬ 
act with the NV center inside a cavity with residence 
time Tint determined by the cavity Q-factor, and, via the 
QND measurement, check whether the NV has transi¬ 
tioned into IH 2 ). If the heralding signal is seen the link 
is teleported with very high probability reduced only by 
the probability for a false positive, which we estimate 
to be low (see appendix). If no heralding signal is seen 
within time Tint we can assume, also with high proba¬ 
bility, that no absorption occurred and the photon left 
the cavity after time Tint. Outside the cavity, the photon 
would be caught by a fibre-optic loop which serves route 
it back into the cavity. Furthermore the loop will con¬ 
tain an integrated(active or passive) switch allowing us 
to flip the photons’s polarisation, phase or both, if this 
’recycling’ process takes time Tout, the total (average) 
time per cycle is t = Tint + A,ut • We would repeat this 
procedure a predetermined number of times L, before fi¬ 
nally abandoning the teleportation attempt. In the ideal 
case of perfect absorption per pass we need to re-cycle 
the photon only three times, corresponding to L = 4, to 
get maximal probability of success. However, in prac¬ 
tice absorption cannot be perfect even with a cavity, and 
we need to recycle multiple times per polarisation/phase 
setting. 


A. Two approaches 

Within the framework described above there are, at 
least, two ways of solving the mismatch problem: the 
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technically simpler one, which we will call approach A, 
is to flip only either the phase or polarisation on each 
cycle. After an even number L = 2k oi cycles without 
absorption we measure both the photon and the vacancy 
spin in the XX or ZZ basis, depending on whether we 
chose to flip phase or polarisation. Assuming we flip the 
phase, even parity outcomes (’++’ or -’) correspond to 
a the Bell state \tp+)i 3 and odd parity or ) to 
\4’-)i3- As we will see later, while technically simpler to 
implement, this scheme requires high per-pass absorption 
Pabs to achieve good fidelities for the teleported link as 
well as highly efficient single photon detectors. 

In another approach, here dubbed B, without these 
limitations both phase and polarisation are flipped pe¬ 
riodically after and lx rounds respectively. Choosing 
L — 2lx = 4^2 gives each of the four possible Bell-states a 
(roughly) equal chance of being heralded by the QND 
measurement, making a final XX or ZZ measurement 
unnecessary. With this approach, link fidelities are al¬ 
most independent of Pabs and decrease with the number 
of cycles L due to dephasing of the electronic spin, dark 
counts (false positive signals) and transitions to ESM 
states other than A 2 . It can thus be used in the low per- 
pass absorption probability regime but has the downsides 
of greater technical complexity as well as a lower total 
success probability Psuccess ■ 


III. MODELLING 

In this section we present a discrete time Quantum 
Markov model that we used to obtain quantitative re¬ 
sults about the performance of our recycling-loop tele¬ 
portation scheme when applied to a situation as shown 
in figure taking into account real world imperfec¬ 
tions. We restricted the description to the 32 dimensional 
effective Hilbert space spanned by {|^!>±), |V'±)}i 3 ® 
, |'0±); 1 ^ 2 ), |Ai), |±l)} 2 [p]. Starting in the state 
Po = IV'o)('0o| with ipQ as defined in the previous section 
we loop through the following steps L times: 

1 . absorption: with probability pAbs (V’-|p|V'-) 2 p ^de 
photon will be absorbed and the NV transitions to 
the A 2 state 

2. QND measurement: the NV is measured and with 
probability Pciick = pqnd (A2 |/9|A2)2 + Poark ab¬ 
sorption is heralded, and with prob. 1 — Pciick it is 
not. In either case the state p is updated accord¬ 
ingly 

3. photon loss: with probability piossi the photon is 
lost during the recycling process 

4. dephasing: a dephasing operation with 772 = 

exp(—r^/T|) is applied to all involved NVs (1,2 
and 3) in the (|-l-l) ± | —1))/-\/2 basis where r is the 
time per cycle 


5. flipping: every Iz-th (Za;-th) loop a phase (polarisa¬ 
tion) flip is applied to the photon 

Since imperfections in the phase and polarisation flip op¬ 
erations do likely not play a major role, we did not in¬ 
clude them in this model. Furthermore, as is readily ap¬ 
parent, the success probability depends very strongly on 
the photon actually arriving at and entering into the our 
cavity and recycling loop structure. In fact, the chance 
that the photon is lost are quite high for fibre bound com¬ 
munications over many kilometres. However, since here 
we are interested only in the performance of our scheme 
as a component of a network we do not take this initial 
loss probability into account. 

A. Parameter Estimation 

Thus we have a total of five parameters relevant to the 
performance during each cycle (pabs, Pqnd, PDark, Pioss 
and 772) and, depending on the approach (A or B), one 
or three more: total number of rounds L (A and B), 
polarisation-flip period lx and phase-flip period Iz (only 
B). 

For both approaches we have a fraction of false- 
negatives approximately 1 — pqnd of cases in which we 
discard a correctly teleported link (see appendix 0 . 
which is then erased when we try again. But since the 
QND measurement has high fidelity this is not likely to 
be a limiting factor. 

This brings us to the question: what are realistic values 
for the parameters in the model? As we already stated, 
the QND measurement is likely to be high and the value 
of Pqnd = 99% we used in our simulations is likely to 
be conservative. For pDark we use an equally conserva¬ 
tive 0.01%. While a photon loss of IdB per element is 
usually regarded as good, here we cannot tolerate more 
than wldB for the total structure. We investigated val¬ 
ues from 0 to O.SdB but all explicit references to perfor¬ 
mance estimates are for the challenging but potentially 
achievable value of pioss = 0.3dB. Furthermore, assuming 
a dephasing time of T 2 = 100/iS and total time per round 
of T = 200 ns we find that the dephasing error is about 
1 — 772 = 4 X 10“® and thus quite small. 

This leaves open the probability of absorption (per 
pass) Pabs and the number of rounds L which in the next 
section we will treat as the variable of our analysis. 

B. Analysis 

With parameters as determined in the previous section, 
we tested multiple combinations of Pabsorption and L as 
well as lx and Iz (only approach B). In the latter case the 
best fidelities are naturally obtained when attempts are 
equidistributed over all four possible Bell states between 
NV centres 1 and 3. 

The resulting success probabilities (cumulative proba¬ 
bility to see a heralding signal) and average link fidelities 
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FIG. 3: Approach A and B link fidelity and success probability (=cumulative probability of seeing a click) vs number of rounds 
for low, medium and high absorption probability and optimal G, lx (only B) and L (both). As can be seen the link fidelity 
declines with time mostly due to the effect of off-resonant transitions to |Ai). 


for low, medium and high absorption probability and op¬ 
timal L (and L = 21 ^ = 4:1 ^ in case of approach B) are 
shown in figure]^ as a function of recycling round. 

We find, perhaps unsurprisingly, that the probability of 
absorption is indeed of critical importance. However the 
simulations also show that there are clearly diminishing 
returns: the two figures of merit total success probability 
and average link fidelity increase much more from the 
low to medium pabs-regime than from the medium to 
high regime. Consequently it seems advisable to try to 
increase Pabs to, if possible, at least around 50%, but it 
might not be worthwhile pushing far beyond this. At 
this point it is unclear, how far pabs can be improved by 
use of a cavity, but should it prove difficult to reach or 
go much beyond 50% technical efforts should rather be 
focused on minimising the per cycle losses pioss- 

We also investigated the susceptibility to photon loss 
by performing a scan of the success probability and link 
fidelity for Pabsorption between 1 and 99% and per-cycle 
loss pioss between 1 and 10%. The results, shown in fig¬ 
ure show that while at least in approach B link fi¬ 
delity does not strongly depend on pioss. the overall suc¬ 
cess probability quickly deteriorates with increasing pioss 
confirming that it is indeed paramount to limit photon 
loss as far as possible. 

Figure]^ also reveals a crossover between the two ap¬ 
proaches A and B. While for low per-pass absorption Pabs. 
B yields superior fidelities, this advantage diminishes as 
Pabs increases and almost disappears for pabs > 90%, 
while success probability as defined here is always higher 
for scheme A. Thus, given the final measurement can be 
implemented with high reliability, approach A has a per¬ 


formance advantage in the high pabs regime, yielding an 
about 10% higher Psuccess at comparable link fidelity (for 
more detailed numbers we refer to the appendix). 


IV. RELAYS AND REPEATERS 

Our heralded entanglement swapping operation is an 
extremely useful tool for the creation of long range entan¬ 
gled links. As was depicted in Figure Q, this tool can 
be used in a relay fashion to entangle a photon emitted 
from a remote NV center (say at Charlie location) with 
an already entangled link between two other remote NV 
centers (at Bob and Alice respective locations). Upon 
a successful entanglement swapping operation, Alice and 
Charlie become entangled. David can then send a photon 
from his location to Charlie’s location and the entan¬ 
glement operation performed again. If it is successful, 
then Alice and David are entangled. In a relay fashion, 
longer range entanglement can be created. The proba¬ 
bility of success for the creating this longer range links 
however will decrease exponentially with the numbers of 
nodes. However using an entangled polarisation source of 
photons, two separate entangled links can be merged to¬ 
gether (as is normally done in repeater networks). This in 
principle allows one to avoid this exponential issue. Fur¬ 
ther the entanglement swapping operations can be used 
to enable entanglement purification and so one has all 
the necessary elements for a quantum network. 
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FIG. 4: Success probabilities and fidelities for Approaches A (top) and B (bottom) left: total success probability plotted over 
probability of absorption and loss per pass, right: Link fidelities for the four possible output Bell states plotted vs. per-pass 
probability of absorption for a per-pass loss probability of 6.6% (corresponding to O.SdB). In b and d the insets show a zoom 
in on the region pabs £ [0.75,1.0] (b) and [0.5,1.0] (d). The meaning of the colours is as in figure]^ The saw-tooth oscillations 
arise because we can use only discrete (integer) number of rounds with a kink appearing every time we change the number of 
rounds in our scheme to stay close to the optimum. 


V. CONCLUSION 

We have presented a proposal for a quantum commu¬ 
nications node using only the electronic spin of a nitro¬ 
gen vacancy center in diamond. It makes use of the 
Bell-type form of the NV’s A 2 state to teleport the link 
carried by an incoming photon instantly when absorp¬ 
tion is heralded by projective QND measurement. The 
quantum efficiency limit of 25% is overcome by periodi¬ 
cally switching the photon’s phase and/or polarisation, so 
that, eventually, all four Bell states are detected. Mod¬ 
elling this scheme as a discrete-time quantum Markov 
process we were able to obtain a quantitative outline of 
the expected performance in the presence of some real- 
world imperfections, foremost among which are photon 
loss and incomplete absorption per cycle. The results 
of these simulations suggest, that photon loss per round 
should be reduce to below 0.5dB while at the same time 
increasing absorption to 50% per pass or more. If high 
absorption probabilities can be reached, an approach us¬ 
ing a passive phase (polarisation) during each cycle with 
a final XX (ZZ)-basis measurement would offer the ad¬ 
vantage of higher total success probability at comparable 


fidelities, provided high-efficiency single photon detectors 
are available. 
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Appendix A: Parameter Estimation Continued 

The starting state ([^ contains four products of pair¬ 
wise Bell-states btw. I and 3 as well as 2 and p re¬ 
spectively. Only one, \ip-) 2 p, permits direct transition 
to IA 2 ), while the symmetry of the other three matches 
the other ms = ±I states in the ESM. Since these are 
split in energy from IA 2 ) and thus detuned from the 
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incoming photon, these transitions are suppressed by a 
Lorentzian factor depending on detuning Aiz and the in¬ 
coming photon’s spectral width Si/. The energetically 
closest state is |^i) which is split by about 3GHz. As¬ 
suming the incoming photon is spontaneously emitted 
by a remote NV, its lifetime is given by the IA 2 ) state’s 
lifetime of approximately 10ns. From this the spectral 
width is 61 / = l/(107rns) « 30MHz. Thus the transition 
to the nearest detuned state is already suppressed by a 
factor 1/(1 -I- (Ai//i5iz)^) « 10“^. Transitions to |£'i| 2 ) 
are roughly one order of magnitude smaller still which is 
why we chose not to include them in our model. 

A similar argument can be made to assess the relia¬ 
bility of our QND measurement scheme. Here, there are 
actually two questions: given the NV center is in A 2 , how 
certain are we to detect this, and if the system is not in 
A 2 , but rather still in ms = ±1 of the GSM, how likely 
are we to see a false positive signal? In our model, the 
former is included in the form of pqnd while the latter is 
part of what we dubbed dark-count probability Pdark- As 
to the first case, the only way not to see a signal is that 
the system undergoes a transitions to either a dark state 
or another ms = ±1 state. The first cannot occur for 
a perfect NV center but the possibility grows quadrati- 
cally with applied strain and electric as well as magnetic 
fields. All three influences can be reduced to the point 
where they are negligible: electric fields can be applied 
to cancel any remaining strain, external magnetic fields 
can be shielded and flip-flop processes with other spins in 
the sample, most notably nitrogen PI centres, are sup¬ 
pressed by the energy splitting in the ESM. Transitions 
to another state could also be caused the driving field it¬ 
self, in particular from the starting state in the ms = ±1 
subspace to ms = 0. However, this can be avoided by 
choosing the Rabi power such that the Fourier transform 
of the driving field envelope is zero at this transition fre¬ 
quency (2.88GHz). We therefore choose a conservative 
PQND = 0.99 and pdark = 2 X 10“'^. 

The dephasing times of the NV electronic spin at low 
temperature have been found to be as long as O(lms) [] 
under the right conditions. In our model we assume a 
commonly seen value of 100/rs and a total cycle time of 
T = Tint + Tout = 200ns. The resulting dephasing error 
per NV involved is therefore 72 = 1 — exp[—(0.005)^] « 
4 X 10“®. Note that we assume the remote qubits 1 and 
3 to be NV centres too, therefore they can be expected 
to experience the same kind of dephasing. So the worst 
case dephasing error is then roughly 372 or 1.2 x 10“® 
per cycle. 

The absorption probability is the hardest to model 
since it is very contingent on the sample and technical 
details of the implementation. Therefore we chose to 
use it as one of the ’variable’ parameters, along with the 
number of rounds L (both approaches A and B) as well 
as the phase-and polarisation flip periods and Iz (only 
approach B). 


Pabs -^'opt. 

omax / omax / 

-^false neR./9QND false pos./Pdark 

1 % 40 

10% 20 
25% 20 
50% 16 
90% 4 

0.282 27.5 

0.836 7.43 

0.969 2.98 

0.990 0.999 

0.9988 0.111 


TABLE I: Teleportation scheme errors: the false negative er¬ 
ror causes the protocol to discard a teleported link, but even 
in the interesting regime Pabs sj 0.5 it is never greater than 

'ZQND 


Appendix B: Teleportation Errors 

Here we look at the ways the teleportation scheme can 
fail within our model and estimate the likelihood for the 
two types of error: false negatives and false positives. 


1. False Negative 


In this error scenario we do not see a click herald¬ 
ing teleportation, even though the photon got absorbed 
(and was subsequently spontaneously re-emitted and 
then lost) and the entanglement it was carrying was in 
fact teleported to the remote NV- center 3 (labels as in 
figure]^. This type of error will cause the whole scheme 
to fail, since in the absence of a heralding signal node 
NV2 will demand a new photon to be send from NVl, 
destroying the entangling link between 1 and 3. Using 
our discrete model but neglecting (true) dark counts we 
find an upper bound for the probability of this event 


L-l 


Pi 


false neg. Pabs^lQND 


^ibsPQND 


1=0 


= Pabs<ZQND 


1 — (llabsPQND)^ 
1 — 9absPQND 


(Bl) 


with gQND = 1-PQND and gabs = 1-Pabs- The real value 
depend on the state po but taking this into account can 
only reduce Pabs and thus lead to a lower total error. 
Using the result from the previous section, App. we 
can se t pq nd ~ 1 for the range of L that are of interest. 
Thus @ simplifyies to UfXaeg. ~ 9 QNd( 1_- ^abs), ~ 
9 Qnd ■ The latter approximation holds for the interesting 
regime Pabs ^ 0.5. The results for the exact values of 
Tfaise neg. for the different Pabs regimes investigated in 
the main text can be found in third column of table HI 


2. False Positive 

A false positive error occurs when we see a click that 
was not actually cause by a correctly detected absorp¬ 
tion event but either from a false detection event (pro¬ 
portional to gQND in our model) or a true dark count 
(PDark)- The latter is a detection event independent of 









approach A 





approach 

B 



Pabsorp. 

L 

^success 


F^j 

C 


L 

^success 


F^- 

Fv'+ 

F.i/, 

10% 

40 

43.3% 

0.97 

0.89 

9 

18 

36 

33.0% 

0.993 

0.991 

0.991 

0.990 

30% 

20 

61.6% 

0.975 

0.97 

6 

12 

24 

56.9% 

0.995 

0.996 

0.995 

0.996 

50% 

10 

73.8% 

0.98 

0.97 

4 

8 

16 

68.3% 

0.996 

0.996 

0.996 

0.997 

70% 

6 

81.7% 

0.975 

0.97 

3 

6 

12 

76.0% 

0.996 

0.996 

0.997 

0.998 

90% 

4 

86.9% 

0.985 

0.99 

2 

4 

8 

82.8% 

0.997 

0.994 

0.993 

0.995 


TABLE II: Single relay performance (success probability and average link fidelities) of the two approaches for different absorption 
probabilities and choices of total number of rounds L. Photon-loss per cycle was assumed to be .3dB or 6.6%. 


anything else. The exact value again depends on the state 
p but we can find an upper bound in a similar manner as 
for false negatives: 

L-l 

-^false pos. Pdark^abs ^ ^ Qabs^dark 

1=0 (B2) 

1 (^abs^dark) 

— Pdark^abs Z 

I Qabs^dark 

Making the approximation ^Dark ~ 1 and <C 1, this 
simplifies to neg. ~ 9absPdark/Pabs- Thus in the in¬ 


teresting absorption regime the overall influence of dark 
counts is in fact suppressed by the factor Qabs/Pabs 1- 
The exact values are given in the fourth column of Ta¬ 
ble U 


Appendix C: Detailed results 

Running simulations varying the number of rounds L 
and the absorption probability per pas pAbs we found the 
success probabilities and fidelities given in Table |llj 
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